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RESOURCE MANAGEMENT AND 
INTERFERENCE MITIGATION 

TECHNIQUES FOR RELAY-BASED 
WIRELESS NETOWORKS 

REFERENCE TO RELATED INVENTIONS 

[0001] The present non-provisional application claims pri 
ority to US. Non-Provisional patent application Ser. No. 
12/049,207 ?led Mar. 14, 2008, entitled “Resource Manage 
ment and Interference Mitigation Techniques for Relay 
Based Wireless Networks.” 

FIELD OF THE INVENTION 

[0002] This application relates to relay-based Wireless cel 
lular systems and, more particularly, to resource management 
and mitigation of co-channel interference in a relay-assisted 
Wireless netWork. 

BACKGROUND 

[0003] The performance of Wireless cellular systems is sig 
ni?cantly limited due to co-channel interference from neigh 
boring base stations, especially as these systems move 
toWards aggressive frequency reuse scenarios. While the 
overall spectral ef?ciency of the cellular system may improve 
With aggressive frequency reuse, the performance of cell 
edge users degrades substantially. A variety of interference 
management techniques are applied to enhance performance 
of cell-edge users, ranging from the design of fractional fre 
quency reuse (FFR) mechanisms for cell-edge users, to coor 
dinated transmit beam-forming techniques, to receiver inter 
ference cancellation using multiple antennas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] The present invention is illustrated by Way of 
example and not as a limitation in the ?gures of the accom 
panying draWings, in Which: 
[0005] FIG. 1 is a diagram of a relay-based fractional fre 
quency reuse cell, according to some embodiments; 

[0006] FIG. 2 is a diagram ofa cell With cooperative frac 
tional frequency reuse implemented in the cell; 
[0007] FIG. 3 is a hierarchical scheduling scheme to enable 
cooperative fractional frequency reuse, according to some 
embodiments; 
[0008] FIG. 4 is a diagram illustrating a relay-based Wire 
less netWork environment With communication nodes, relay 
nodes, cooperator nodes, and target nodes; 
[0009] FIG. 5 is a block diagram of an interference mitiga 
tion system, according to some embodiments; 
[0010] FIG. 6 is a diagram of a Wireless neighborhood 
using the interference mitigation system of FIG. 2, according 
to some embodiments; 

[0011] FIG. 7 is a How diagram shoWing the co-channel 
interference avoidance of the interference mitigation system 
of FIG. 2, according to some embodiments; 
[0012] FIG. 8 is a How diagram of the transmission ran 
domiZation of the interference mitigation system of FIG. 2, 
according to some embodiments, and; 
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[0013] FIG. 9 is a ?owchart of a method for providing 
resource management and interference mitigation in a relay 
based Wireless netWork environment. 

DETAILED DESCRIPTION 

[0014] Embodiments of methods and systems for providing 
interference mitigation and resource management in a relay 
based Wireless cellular netWork are described herein. In the 
folloWing description, numerous speci?c details are set forth 
such as a description of a combined use of cooperative relay 
communications, relay-based fractional frequency reuse, and 
relay-based probabilistic interference mitigation to provide a 
thorough understanding of embodiments of the invention. 
One skilled in the relevant art Will recogniZe, hoWever, that 
the invention can be practiced Without one or more of the 
speci?c details, or With other methods, components, materi 
als, etc. In other instances, Well-knoWn structures, materials, 
or operations are not shoWn or described in detail to avoid 
obscuring aspects of the invention. 
[0015] A limitation to performance in Wireless netWorks is 
poor reliability and coverage caused by random ?uctuations 
due to fading in Wireless channels. Cooperative doWnlink 
communication techniques in a relay-based cellular Wireless 
netWork alloW multiple relay stations and possibly a base 
station to jointly transmit information to multiple users, 
alloWing the extraction of multiple-input multiple-output 
(MIMO) bene?ts in a distributed fashion, including gains of 
cooperative diversity, cooperative multiplexing and distrib 
uted array (i.e., poWer ef?ciency). This makes cooperative 
relay communication an ideal technique for throughput, cov 
erage and reliability enhancement in cellular Wireless net 
Works. 

[0016] It Would be an advance in the art to increase through 
put, capacity, and coverage improvements in a Wireless net 
Work, particularly for users located at or near boundary 
regions of sectors, or cell edges, formed as a result of base 
transceiver station and/or relay station antenna con?guration 
and orientation and consequently suffering poor performance 
due to loW signal-to-interference-and-noise ratio conditions. 
In the doWnlink mode, performance improvements for these 
cell-edge users may be enabled by using cooperative trans 
mission techniques Whereby multiple relay stations and pos 
sibly the base station interact j ointly to share their antennas to 
extract MIMO bene?ts in the form of cooperative diversity, 
cooperative multiplexing and distributed array gains. Alter 
natively, fractional frequency reuse may be employed in both 
doWnlink and uplink modes, to provide Wireless netWork 
improvements by reducing cell-edge interference caused by 
repeated use of a given frequency in a number overlapping 
communication channels. Further, Wireless netWork 
improvements may be provided by randomizing transmis 
sions to cell-edge users by carefully controlling the probabil 
ity of transmission to the cell-edge users as a Way to reduce 
interference in a Wireless netWork. A relay-based fractional 
frequency reuse policy that can support cooperative transmis 
sions using probabilistic interference mitigation techniques 
among multiple infrastructure terminals, such as base trans 
ceiver stations and relay stations, may provide for improved 
Wireless netWork performance. Relay and access links may be 
separated in frequency as Well as in time. Consequently, users 
in a Wireless netWork may enjoy the combined bene?ts of 
interference mitigation, cooperative diversity, and poWer e?i 
ciency. 
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[0017] NoW turning to the ?gures, a diagram of a relay 
based fractional frequency reuse cell 100 according to some 
embodiments is described in FIG. 1. In one embodiment, the 
relay-based fractional frequency reuse cell 100 With a serving 
base station 105 is surrounded by six relay stations 110, 112, 
114, 116, 118 and 119. In another embodiment, three relay 
stations may be used, though generally, any number of relay 
stations may be placed in the relay-based fractional frequency 
reuse cell 100 at arbitrary locations. The relay stations trans 
mit and receive signals to and from the serving base station 
105 and/ or to other relay stations and/or to mobile stations to 
improve the quality of communication to the mobile stations 
located in areas near the edge of the relay-based fractional 
frequency reuse cell 100. To provide poWer savings at the 
relay stations 110,112,114,116,118 and 119, and minimiZe 
co-channel interference, one consideration of the relay sta 
tion deployment is such that relay station coverage areas do 
not overlap. 
[0018] Depending on a location in the cell 100, a given 
mobile station (MS) Will be associated to the serving base 
station 105 or one or more of the relay stations 110, 112, 114, 
116, 118 and 119. For example, a MS at the center ofcell 100 
is likely to be directly connected to the serving base station 
105 While a MS at an edge of a cell 100 is likely to be 
connected to one or more relay stations 110, 112, 114, 116, 
1 18 and 1 19. Further, depending on the MS location, different 
spectrum reuse policies may be adopted over the radio access 
links, Wherein the radio access link may be betWeen the 
serving base station 105 and MS or betWeen a relay station 
110, 112, 114, 116, 118 and 119 and MS, including (i) spec 
trum reuse by the serving base station 105 and one of the relay 
stations 110, 112, 114, 116, 118 and 119, (ii) spectrum reuse 
by multiple relay stations 110, 112, 114, 116, 118 and 119, 
and (iii) spectrum reuse by the serving base station 105 and 
multiple relay stations 110, 112, 114, 116, 118 and 119. 
[0019] Multi-hop relaying and spectrum reuse techniques 
alloW for throughput, capacity and coverage improvement, 
but resulting interference due to simultaneous transmissions 
of the serving base station 105 and relay stations 110, 112, 
114, 116, 118 and 119 over radio access links should be 
managed to avoid performance losses due to severe interfer 
ence issues. Mobile stations at cell 100 edges may suffer from 
interference problems. Similarly, users located at edges of the 
coverage areas ofrelay stations 110, 112, 114, 116, 118 and 
119 may also suffer from similar interference problems, not 
only caused by co-channel interference from other cells (i.e. 
all stations outside cell 100), but also intra-cell interference 
caused by the MSs inside cell 100, i.e., serving base station 
105 and/or the relay stations 110,112,114,116,118 and 119. 
To address this problem, a reuse factor for a given MS Within 
the cell 100 should not only be adjusted With respect to its 
geographical location With respect to the serving base station 
1 05, but also its location With respect to the relay stations 1 10, 
112,114,116,118 and 119. 
[0020] In FIG. 1, the frequency reuse and channel alloca 
tion schemes over the relay-based cell 100 are allocated 
according to frequency channel regions 120, 130, 140, 150, 
160 and 170. At the center of the fractional frequency reuse 
cell 100, the serving base station 105 operates in a ?rst fre 
quency channel 120 region surrounded by a second frequency 
channel region 130. In this embodiment, the purpose of using 
a second frequency channel region 130 is to loWer frequency 
reuse in comparison to the ?rst frequency channel region 120 
and thereby reduce co-channel interference seen by mobile 
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stations in this region, so that the mobile stations can receive 
better quality of service in terms of throughput, capacity and 
coverage. Such kind of frequency reuse at the center of the 
fractional frequency reuse cell 100 provides improved com 
munications to MSs located near the serving base station 105 
by assigning resources among tWo channels With varying 
degrees of reuse in the center of the relay-based fractional 
frequency reuse cell 100. 

[0021] Relay stations 110 and 116 operate near the cell 100 
edge in a third frequency channel 140 region surrounded by a 
fourth frequency channel 150 region to provide enhanced 
communications to MSs that may otherWise experience 
heavy co-channel interference. Relay stations 112 and 118 
operating in the third frequency channel 140 region sur 
rounded by a ?fth frequency channel 170 region and relay 
stations 114 and 119 operating in the third frequency channel 
140 region surrounded by a sixth frequency channel 160 are 
similarly con?gured in this embodiment to provide fractional 
frequency reuse (FFR) Within the cell 100. Relay stations 110, 
112, 114, 116, 118 and 119 may use the same frequency 
channel for the mobile stations located proximate to each 
relay station to maximiZe spectral ef?ciency bene?ts from 
frequency reuse. Further, each relay station is also able to use 
different frequency channels for mobile stations that are at the 
edges of their respective coverage areas. Thus, the mobile 
stations in the frequency channel regions 150, 160 and 170 are 
served With loWer frequency reuse in comparison to those 
mobile stations in the frequency channel region 140. LoWer 
ing frequency reuse in these regions of cell 100 reduces 
co-channel interference seen by mobile stations and thereby 
enhances throughput, capacity and coverage. On the other 
hand, full fractional reuse may be applied to the center chan 
nel regions corresponding to the third frequency channel 140 
immediately adjacent to the relay stations in addition to FFR 
applied to channel regions located around the perimeter of the 
center channel regions. 

[0022] In some embodiments, one or more of the frequency 
channel regions 150, 160 and 170 may correspond to the same 
frequency channel, implying more aggressive frequency 
reuse among relay stations 110, 112, 114, 116, 118 and 119 
for users at the edges of their coverage areas. Moreover, in 
some embodiments, frequency channel regions 120 and 140 
may correspond to the same frequency channel, implying 
more aggressive frequency reuse among serving base station 
105 and relay stations 110,112,114,116,118 and 119 for the 
users served under high frequency reuse. Finally, in some 
embodiments, one or more of the frequency channel regions 
130, 150, 160 and 170 may correspond to the same frequency 
channel, implying more aggressive frequency reuse among 
base station 105 and relay stations 110, 112, 114, 116, 118 
and 119 for the users served under loWer frequency reuse. 

[0023] In some embodiments, a MS situated at a cell 100 
edge Would be served under frequency reuse of three With 
three orthogonal bands (or sets of sub-channels) allocated to 
pairs of relay stations each located on opposite sides of the 
cell 100 to avoid co-channel interference, i.e., as depicted in 
FIG. 1, the frequency channel regions 150, 160 and 170 
Would then correspond to three separate frequency bands. In 
an alternate embodiment, a reuse pattern of tWo may be 
applied to provide tWo sub-channels to each of three relay 
stations in an alternating pattern. In a further embodiment, a 
reuse pattern of six may be used to provide each relay station 
With its oWn frequency channel, requiring a total of six 
orthogonal channel allocations. 
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[0024] In the embodiment shown in FIG. 1, MSs located 
very close to the serving base station 105 (Within the ?rst 
frequency channel 120) are served under a reuse 1 policy and 
the cell 100 edge users located very close to one of the relay 
stations 110, 112, 114, 116, 118 and 119 (Within the third 
frequency channel 140) are served under a reuse 1 policy. 
Alternately, a reuse 3 policy is adopted for MSs Which are far 
from the serving base station 105 (Within the second fre 
quency channel region 130) and any relay stations 110 and 
116 (Within the fourth frequency channel 150 region), 112 
and 118 (Within the ?fth frequency channel 170 region), and 
114 and 119 (Within the sixth frequency channel 160) to 
ensure that a cost of resulting interference from spectrum 
reuse is minimized for these MSs. 

[0025] FIG. 2 is a diagram of relay-based fractional fre 
quency reuse cell 100 illustrated in FIG. 1 With cooperative 
fractional frequency reuse, resulting in a cooperative FFR cell 
200. DoWnlink (DL) cooperative relaying techniques are 
combined With relay-based FFR concepts With the objective 
of enabling successful interference management in a coop 
erative relay mode to bene?t MSs in a cellular system located 
at the cell edge or periphery that normally experience poor 
SINR conditions. Resultant cooperative diversity and poWer 
ef?ciency gains can lead to a signi?cant performance gain for 
cell-edge MSs; Which is roughly comparable to that provided 
by receive maximal ratio combining (MRC) techniques. 
[0026] In the presence of a relay-based FFR policy as 
shoWn in FIG. 2, the inclusion of DL cooperative relay sup 
port for cell edge MSs implies that MSs in the reuse 3 Zones 
(i.e. Within the second frequency channel region 130, the 
fourth frequency channel 150 region, the sixth frequency 
channel 160, or the ?fth frequency channel 170 region) may 
be served by multiple infrastructure terminals (serving base 
station 105 and/or relay stations 110,112,114, 116, 118 and 
119) through their simultaneous transmissions using coop 
erative relaying techniques such as distributed space-time 
coding (STC), distributed beam-forming, cooperative multi 
plexing, etc. 
[0027] Cooperative relaying techniques are applied to pro 
vide a target node 220 With a poor signal to interference and 
noise ratio (SINR) With enhanced interference management 
capabilities in FIG. 2. The resultant cooperative diversity and 
poWer e?iciency gains lead to a signi?cant increase in per 
formance for the target node 220 (for example a mobile 
station in the form of a cellular phone, personal digital assis 
tant (PDA), pocket PC, handheld computer device, etc.). 
Cooperative diversity results from multiple infrastructure ter 
minals (relay stations 110, 112, 114, 116,118 and 119, serv 
ing base station 105, etc.) providing simultaneous or nearly 
simultaneous transmissions using a cooperative relaying 
technique such as distributed space-time coding (STC), dis 
tributed beam forming, cooperative multiplexing, etc. 
[0028] A combination of relay-based FFR and DL coop 
erative diversity enables the target node 220 to simulta 
neously realiZe the interference mitigation advantages of FFR 
and cooperative diversity, along With poWer ef?ciency advan 
tages of cooperative relaying, for cooperative FFR cell 200 
edge mobile stations is referred to as cooperative FFR (coop 
FFR). In one embodiment, the target node 220 operates using 
cooperative diversity in a doWnlink (DL) mode in coop-FFR 
region 210 located in and/or betWeen the ?fth frequency 
channel 170 and sixth frequency channel 160. As a result, the 
target node 220 may receive an assigned time-frequency 
resource for reception from relay station 118 While a neigh 
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boring relay station 119 Will be given the option to transmit on 
the same time-frequency resource to support DL cooperative 
relaying. 
[0029] A difference betWeen coop-FFR and traditional 
relay-based FFR in the reuse 3 policy mode is that a coopera 
tive FFR cell 200 edge mobile station may receive simulta 
neous cooperative transmissions on the same time and fre 
quency Zone from tWo or more adjacent infrastructure 

terminals (relay stations 110, 112, 114, 116, 118 and 119, 
serving base station 105, etc.) in coop-FFR While this is not 
alloWed using traditional FFR. For example, When a MS, such 
as the target node 220 is assigned to a particular time-fre 
quency resource for reception from an infrastructure termi 
nal, the neighboring infrastructure terminals Will also be 
given the option to transmit on the same time-frequency 
resource to support DL cooperative relaying. Therefore, the 
cooperative FFR cell 200 edge mobile station not only avoids 
the dominant interference from the adjacent infrastructure 
terminals, the infrastructure terminals are also used to advan 
tageously realiZe cooperative diversity and poWer e?iciency 
gains. 
[0030] DoWnlink data is sent by the serving base station 
105 and all the relay stations 110,112,114,116,118 and 119, 
can receive the DL data and learn the scheduling decisions of 
the serving base station 105. Furthermore, in the case of 
orthogonal frequency-division multiple access (OFDMA) 
based resource allocation in Which the serving base station 
105 schedules the data intended for different relay stations 
110,112,114,116,118 and 119 orthogonally in a relay Zone, 
each relay station can hear the data and control information 
(MAPs etc.) of other relay stations. Therefore, the overhead 
cost of cooperation is expected to be very small in terms of 
required additional bandWidth to schedule for cooperative 
relay transmissions. While there may be some additional 
overhead cost in terms of the control information (e. g. addi 
tional MAPs etc.) to schedule and coordinate the DL coop 
erative relay transmissions, knoWn remedies can be applied to 
minimiZe such costs. 

[0031] FIG. 3 is an embodiment of a hierarchical schedul 
ing and resource management scheme to enable cooperative 
fractional frequency reuse involving a communications trans 
mit node, tWo relay nodes and a communications receive 
node. An embodiment of a communications transmit node 
410, a ?rst relay node 420, a second relay node 430 and a 
communications receive node 440, or target node, and coop 
erator node 450 are illustrated in FIG. 4. The communications 
transmit node 410 may be the serving base station 105, the 
communications receive node 440 may be the target node 220 
the relay nodes, 420 and 430, may be any tWo of the relay 
stations 110, 112, 114, 116, 118 and 119, and the cooperator 
node 450 or neighbor node may be a mobile station, a sub 
scriber station 560 (FIG. 5), or another base station or relay 
node. Development of scheduling and resource management 
techniques for relay-assisted cellular netWorks is necessary in 
order to support DL cooperative relaying and advanced relay 
based interference management policies. In a cooperative 
relaying and the coop-FFR scheme, simultaneous transmis 
sions of multiple relay stations 110, 112 114, 116, 118 and 
119 or of the serving base station 105 and one or more relay 
stations 110, 112, 114, 116, 118 and 119 are required to 
transmit in a coordinated fashion so that they occur in the 
same time/ frequency (TF) and With a coordinated MCS and a 
chosen cooperative transmission protocol. 
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[0032] While centralized scheduling at the serving base 
station 105 can accomplish this task, it is not a preferred 
approach due to complications that arise in ranging, band 
Width request and netWork entry. Instead, a tWo-layer hierar 
chical (or hybrid) scheduling scheme may be used. A ?rst 
layer is distributed scheduling, Which serves mobile stations 
in a non-cooperative fashion. The second layer is centraliZed 
scheduling, Which serves a speci?c set of MSs (such as coop 
erator node 450) that bene?t from cooperative relaying. 
While the resource allocation for most MSs relies on distrib 
uted scheduling, some level of centraliZed coordination by 
the base station is possible regarding the scheduling decisions 
for the MSs that can bene?t from DL cooperative relaying. In 
this context, the relay stations 110,112,114,116,118 and 119 
create their oWn schedules using distributed scheduling, but 
the serving base station 105 may create speci?c allocations 
for the relay stations 110, 112, 114, 116, 118 and 119 doWn 
link transmissions to enable limited centraliZed coordination 
and hierarchical scheduling. Each relay station 1 1 0, 1 12, 1 14, 
116, 118 and 119 is noti?ed about the relevant centraliZed 
scheduling decisions of the serving base station 105 so that it 
can perform its distributed scheduling on the time-frequency 
resources not assigned by the serving base station 105. 
[0033] The hybrid scheduling scheme to enable coop-FFR 
uses a centraliZed coordination mechanism (at the base sta 
tion) to classify all users to be served in a relay-assisted 
fashion into tWo groups: (i) mobile stations that Will be served 
cooperatively, e.g., those mobile stations that are at relay 
station cell edges under the reuse 3 allocation and are selected 
by the base station for cooperative transmission; (ii) mobile 
stations that Will be served non-cooperatively, e.g., 1) those 
users very close to a particular relay station so that they are 
under reuse 1 allocation, and 2) those users that are at relay 
station cell edges under the reuse 3 allocation, but the base 
station decides that these mobile stations should not be served 
cooperatively. 
[0034] This grouping of the users may be performed based 
on criteria such as user location information, channel quality 
indicator (CQI) metrics and tra?ic loads at the base station 
and relay stations, and may be maintained across multiple 
frames or changed on a frame-by-frame basis. 

[0035] The relay stations should also be informed about 
these decisions so that each relay station knoWs: (i) Which 
mobile stations it Will serve cooperatively and Which mobile 
stations it Will serve non-cooperatively, and (ii) Which time 
frequency (TF) Zones have been assigned for cooperative 
transmissions and Which TF Zones are to be used for non 
cooperative transmissions. 
[0036] Over the TF Zones allocated for non-cooperative 
transmissions, each relay station may perform distributed 
scheduling for the set of mobile stations it is instructed to 
serve non-cooperatively and a base station does not have to 
help With the speci?c TF resource assignments for these 
mobile stations. 

[0037] Over the TF Zones allocated for cooperative trans 
missions, further centraliZed coordination by the base station 
Will be necessary to specify the user TF resource assignments, 
cooperative transmission schemes and MCS choices and this 
information should be conveyed to the respective relay sta 
tions to be inserted into their DL-MAPs. This approach limits 
the use of centraliZed scheduling only for the mobile stations 
that should be served cooperatively and the remaining mobile 
stations can be served via distributed scheduling. 
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[0038] An example for the hierarchical scheduling scheme 
to enable the coop-FFR scheme is shoWn in FIG. 3 for a 
tWo-hop relay-assisted DL communication setting. In this 
?gure, the COOP-MAP Zone in DL-MAP carries the infor 
mation about a base station’s centraliZed scheduling deci 
sions regarding the mobile stations served under cooperative 
relay protocols. In the next DL subframe, the relay stations 
include COOP-MAP in their oWn DL-MAPs, but also create 
their oWn allocation for mobile stations served under distrib 
uted scheduling. 
[0039] Returning to the ?gures in FIG. 3, the communica 
tions transmit node 410 transmits a data block 310 With a 
header or preamble 312 and a body containing a fundamental 
channel (FCH) 314 to provide basic data service to data users, 
a doWnlink (DL) map 316, a cooperator map (COOP-MAP) 
318 including scheduling and modulation coding scheme 
information, an uplink map (UL-MAP) 320, relay station 1 
data 322, relay station 2 data 324, and cooperator data 326. 
The preamble 312 contains supplemental data, placed at the 
beginning of the data block 310, used for frame synchroniZa 
tion and may contain data block 310 handling information. 
The ?rst relay node 420 of FIG. 4 receives a ?rst relay node 
data block 330 containing a ?rst relay node data block header 
332 and ?rst relay node data packets 334 and 336. 
[0040] The second relay node 430 of FIG. 4 receives a 
second relay node data block 340 containing a ?rst relay node 
data block header 342 and ?rst relay node data packets 344 
and 346. The data block 310 is transmitted and the ?rst relay 
node data block 330 and the second relay node data block 340 
are received in a ?rst DL sub-frame 308. 

[0041] In a second DL sub-frame 348, the ?rst relay node 
420 transmits to the communications receive node 440 (target 
node or subscriber station), a ?rst relay node data block 350 
With a ?rst relay node preamble 352, ?rst relay node funda 
mental channel 354, ?rst relay node DL MAP 356, ?rst relay 
node COOP-MAP 358, ?rst relay node UL-MAP 360, ?rst 
relay node COOP-DATA 362, and relay station 1 data 364. 
Similarly, in the second DL sub-frame 348, the second relay 
node 430 transmits communications receive node 440, a sec 
ond relay node data block 370 With a second relay node 
preamble 372, second relay node fundamental channel 374, 
second relay node DL MAP 376, second relay node COOP 
MAP 378, second relay node UL-MAP 380, second relay 
node COOP-DATA 382, and relay station 2 data 384. The 
COOP-MAP 358 and COOP-DATA 362 from the ?rst relay 
node 420 and the COOP-MAP 378 and COOP-DATA 382 
from the second relay node 430 alloW a communications 
receive node 440 (as Well as other mobile stations that are 
served cooperatively in the same region) to communicate 
using cooperative fractional frequency reuse. In some 
embodiments, only one relay station may transmit the Whole 
COOP MAP to the mobile stations that are served coopera 
tively in the same region, While both relay stations Would 
transmit COOP-DATA. 

[0042] The discussed hierarchical scheduling and resource 
management technique could be also be applied to general 
relay-based cellular netWorks to support transmission tech 
niques other than cooperative relaying, such as successive 
interference cancellation techniques, Which also requires 
centraliZed coordination by a base station. As before, distrib 
uted scheduling can be performed for the users Which Will not 
be served by any advanced cooperative relay or advanced 
interference management techniques. 
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[0043] The communications receive node 440 may com 
municate using according to cellular-based communications 
using an appropriate cellular standard such as a general 
packet radio system (GPRS), enhanced data rates for global 
evolution (EDGE), or third-generation Wireless (3G), though 
the embodiment is not so limited. In other embodiments, 
other Wireless communication standards may be employed, 
such as but not limited to communications de?ned by the 
Institute of Electrical Institute of Electrical and Electronic 
Engineers (IEEE) 802.11, Wireless Fidelity (Wi-Fi) and 
IEEE 802.16 WorldWide Interoperability for MicroWave 
Access (WiMAX) suites of standards. 
[0044] In a relay-assisted cellular network, interference 
management becomes more complex since there are multiple 
sources of interference. For instance in the DL mode, the 
interference observed by a mobile station may be due to (i) 
co-channel interference from other base stations, (ii) 
co-channel interference from the relay stations in neighbor 
ing base station cells and (iii) intra-cell interference from 
other infrastructure terminals (base station and/or relay sta 
tions). The plurality of sources causing interference makes it 
dif?cult to mitigate interference in a coordinated fashion 
since a huge amount of coordination Would be needed to 
simultaneously avoid interference and use TF resources in an 
e?icient manner. In addition, the design of interference miti 
gation approaches using techniques such as MIMO multi 
user detection (MUD) and/or successive interference cancel 
lation (SIC) techniques is also more dif?cult since the number 
of antenna degrees of freedom (in MIMO-MUD) and IC 
cancellation layers (in SIC) required to track/mitigate pos 
sible interferers is large. Moreover, techniques such as coop 
erative relaying involve simultaneous transmissions by 
multiple infrastructure terminals in a given TF resource, 
increasing the potential interference to other transmissions at 
the same TF. Under such di?iculties encountered With inter 
ference mitigation approaches based on coordinated trans 
missions, a use of randomiZed transmissions and probabilis 
tic interference mitigation techniques may be used in 
conjunction With the coop-FER scheme. 
[0045] In one example, the MS identi?es the base-stations 
and relay stations causing the most interference to transmis 
sions on its link to the desired base-station or relay stations. 
This information along With other parameters (eg channel 
quality indicators, interference measurements, number of 
dominant interferers etc.) is reported by the mobile station to 
its relay station or base station and in case of a relay station, 
the relay station relays the information to the base station. The 
base station shares the identity of the base stations and relay 
stations causing the mo st interference, or interference beyond 
a given channel threshold, along With other relevant param 
eters With other base stations, Which in return may inform 
their respective relay stations about this information. At the 
end of this coordination period, each base station and relay 
station knoWs the links on Which it needs to randomiZe trans 
missions and What probabilistic decision making criteria 
should be considered for various actions. The set of links to be 
randomiZed are controlled by a probabilistic interference 
mitigation medium access control (PIM-MAC). The proba 
bilistic decision making criteria for various actions may be 
based on average SINR conditions, determined by system 
geometry and location of mobile stations, as Well as quality of 
service (QoS) demands, traf?c conditions and user priorities 
and therefore require only periodic updates and coordination 
amongst base-stations and relay stations. Different probabi 
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listic decision making criteria may be designed for different 
actions such as routing, cooperative relaying and link adap 
tation. 
[0046] Each base station and relay station determines 
actions to be chosen per PIM-MAC link, based on various 
observed system and channel parameters and pre-determined 
quality thresholds; using the developed probabilistic decision 
making criteria. 
[0047] Probabilistic interference mitigation in a relay 
based cellular netWork leads to the folloWing methods: i) 
Probabilistic relaying and routing: A relay station that causes 
too much interference to a neighboring base station cell or 
relay station cell may not be selected for routing by a base 
station scheduler, even though the employed routing algo 
rithm may indicate that the multi-hop route through this par 
ticular relay station yields the best end-to-end link quality. 
[0048] ii) Probabilistic cooperation and mode selection: A 
relay station With favorable channel qualities to assist another 
relay station for purposes of DL cooperative relay transmis 
sion to a mobile station may not be scheduled by the base 
station With a certain probability since the base station learns 
that this relay station causes too much interference to a neigh 
boring base station cell or relay station cell. Similarly, the 
determination of Which cooperative relay mode should be 
used or Whether cooperation should not be employed is per 
formed in a random fashion With pre-determined probabili 
ties assigned to each mode. Apart from the selection of the 
cooperative relay modes, the probabilistic mode selection 
may also be applied toWard (i) relay-based FFR, ie for deter 
mining the reuse factor (e.g. reuse 1 vs. reuse 3) to be used in 
various Zones of the relay station cells, and (ii) deciding 
Whether advanced interference mitigation techniques should 
be used in various Zones in the base station cell and relay 
station cells. 

[0049] In one embodiment, a system for mitigating inter 
ference in a Wireless communications netWork comprises a 
communications node con?gured to communicate With a tar 
get node at a ?rst frequency band and time slot through a 
multi-hop route comprising a cooperator node, a relay node 
con?gured to communicate With the target node, the relay 
node operating at a second frequency band and time slot, and 
a medium access controller con?gured to randomiZe a plu 
rality of transmission from the communications node for 
co-channel interference avoidance, based at least on a chan 
nel threshold value. 
[0050] An interference mitigation system 500 is depicted in 
FIG. 5 according to some embodiments. The interference 
mitigation system 500 includes a serving base station 105, a 
relay station 118 and a subscriber station 560. The serving 
base station 105 and the serving relay station 118 are typically 
selected by the subscriber station 560, based on the relative 
strengths of the signals received by the subscriber station 560 
from serving base station 105 and/or relay station 118. The 
interference mitigation system 500 may include one or more 
other base stations, denoted as base station 502, base station 
504, and base station 506. The serving base station 105 has a 
medium access controller (MAC) 532, the relay station 118 
has a MAC 582, and the subscriber station 560 has a MAC 
562. The MACs 532, 582 and 562 include functional and 
structural components not described herein, Which are Well 
knoWn to those of ordinary skill in the art. These functional 
and structural components, Which are common to all base 
stations in the Wireless region, are knoWn herein as legacy 
MAC operations. 
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[0051] In some embodiments, the MACs 532, 582 and 562 
each include novel components suitable for co-channel inter 
ference avoidance (CIA), knoWn as the CIA MAC 580. 
Because the MACs 532, 582 and 562 continue to support 
other MAC functions not described herein, all of the serving 
base station 105, the relay station 118 and the subscriber 
station 560 have both legacy MAC and CIA MAC 580 func 
tionality. 
[0052] The CIA MAC 580 includes co-channel interfer 
ence avoidance 570, transmission randomization 540, trans 
mission randomization 590, physical layer optimization 550 
and physical layer optimization 595, in some embodiments. 
As shoWn in FIG. 5, co-channel interference avoidance 570 is 
performed by the subscriber station 560 While transmission 
randomization 590 and physical layer optimization 595 are 
performed by the relay station 118 and transmission random 
ization 540 and physical layer optimization 550 are per 
formed by the base stations 502, 504, 506 and 105. 
[0053] A Wireless neighborhood 600 is depicted in FIG. 6, 
to facilitate understanding the interference mitigations sys 
tem 500 of FIG. 5, according to some embodiments. The 
Wireless neighborhood 600 includes seven cells 610, each of 
Which has a base station, BSl-BS7 (collectively, base stations 
BS). Subscriber stations 560, depicted as mobile devices, 
denoted M1, M2, . . . M9, are employed throughout the Wire 
less neighborhood 600 (collectively, subscribers M). The 
number of subscribers M may vary over time. Lines cl shoW 
the desired links betWeen mobile subscribers M and base 
stations BS. For mobile subscriber M1, there exists a desired 
link, c], to the base station, BS 1. Because the base stations are 
transmitting on channel 1 (cl) using the same frequency, such 
transmission may cause interference to mobile stations in 
other cells. For example, in FIG. 6, interferences on the same 
channel are occurring from base stations, BS4 and BS2, indi 
cated as icl in both cases. 

[0054] The interference mitigation system 500 commences 
With the subscriber station 560 (or target node). The sub 
scriber station 560 noti?es the serving base station 105 and 
the relay station 118 of interference from some other base 
station or relay station in the Wireless neighborhood 600. In 
FIG. 5, a feedback link 534 is shoWn pointing from the sub 
scriber station 560 to the serving base station 105 to indicate 
this step. Then, the serving base station 105 shares the inter 
ference report(s) With the other base stations in the Wireless 
neighborhood 600 that there has been a report of interference. 
Interference reporting links 520 are shoWn in FIG. 5 betWeen 
the serving base station 105 and each of the base stations 502, 
504, and 506 in the interference mitigation system 500. Once 
all base stations in the Wireless neighborhood 600 are aWare 
of the interference, the base stations determine Whether to 
perform transmission randomization 540, in some embodi 
ments. Like other transmissions, randomized transmissions 
occur according to parameters obtained through physical 
layer optimization 550. Moreover, the relay station 118 deter 
mines Whether to perform transmission randomization 590, 
in some embodiments. Like other transmissions, randomized 
transmissions occur according to parameters obtained 
through physical layer optimization 595. 
[0055] Co-channel interference avoidance 570 operates 
according to the How diagram of FIG. 7, in some embodi 
ments. The operations are performed by the subscriber station 
560 (or one of the subscribers M in the Wireless neighborhood 
600), although the operations may be performed simulta 
neously by multiple subscribers. The subscriber station 560 
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identi?es the base station 502 (or relay stations) causing the 
most interference to transmissions on its link to the serving 
base-station (block 700). The subscriber station 560 then 
makes a determination Whether to notify its serving base 
station 105 and possibly its relay station 118 of the interfer 
ence by comparing the interference-to-carrier ratios (ICR) to 
a threshold (1“) (block 710). 
[0056] If the threshold is not exceeded (block 720), the 
interference is not suf?cient to trigger the noti?cation by the 
subscriber station 560. OtherWise, the subscriber station 560 
submits the identity of the base-station(s) and relay station(s) 
causing the most interference to its serving base station 105 
and possibly its relay station 118 (block 730). In some 
embodiments, the submission operation constitutes one or 
more exchanges of the CIA MAC trigger information 
betWeen the subscriber station 560, the serving base station 
105 and the relay station 118. As used herein “CIA MAC 
trigger” means events that lead the subscriber station 560 or 
the serving base station 105 or the relay station 118 to invoke 
the CIA MAC 580 of their respective MACs 562, 582, 532. In 
other Words, the CIA MAC trigger is When the subscriber 
station 560 determines that the interference exceeds the 
threshold. 
[0057] The serving base station 105 communicates the 
information reported by the subscriber station 560 to other 
base stations in the Wireless neighborhood 600 (block 740). 
At this point, each base station knoWs the links in Which 
interference has been reported, Which are the links in Which 
transmissions may optimally be randomized (block 750). In 
some embodiments, the CIA MAC trigger may be based on 
average SINR conditions, determined by system geometry 
and location of subscribers. In these embodiments, the CIA 
MAC trigger is updated and coordinated among other base 
stations in the Wireless neighborhood periodically. 
[0058] Once the CIA MAC 580 is triggered, the transmis 
sion randomization 540 of the MAC 532 in the serving base 
station 105 and the transmission randomization 590 of the 
MAC 582 in the serving relay station 118 are initiated. The 
other base stations and relay stations in the Wireless neigh 
borhood likeWise initiate transmission randomization to the 
subscriber station 560. FIG. 8 is a How diagram shoWing 
operations performed to randomize transmissions in the Wire 
less neighborhood 600, according to some embodiments. The 
operations in FIG. 8 may be performed by all base stations BS 
and all relay stations in the Wireless neighborhood 600, but, 
for simpli?cation, only one base station and one relay station 
are indicated in the How diagram. 
[0059] The base station and relay station identify the links 
to be analyzed (block 800), Which are the links betWeen the 
serving base station 105, the relay station 118 and the sub 
scriber station 560 that reported the interference. The base 
station and relay station determine channel thresholds for the 
CIA MAC links (block 810). If the channel gain on a given 
link does not exceed a “channel threshold” (block 820), no 
transmission to the subscriber station 560 occurs (block 830). 
OtherWise, the serving base station 105 and the serving relay 
station 118 transmit to the subscriber station 560 With opti 
mized physical layer parameters (block 840). Hence, in some 
embodiments, the transmission probability is proportional to 
the probability of exceeding the “channel threshold”. 
[0060] Before the transmission randomizations 540, 590 
and physical layer optimizations 550, 595 can take place, 
hoWever, the interference mitigation system 500 determines 
the threshold for the CIA MAC trigger. In some embodi 
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ments, each subscriber station 560 makes a decision to trigger 
the CIA MAC 580. This trigger is based on comparing the 
measured interference-to-carrier ratio (ICR) from each base 
station to a threshold. In some embodiments the threshold is 
derived based on the assumption of one strong interferer per 
subscriber. The extension to multiple interferers is straight 
forward. In some embodiments, where there is a single inter 
ferer, the optimal threshold is derived by comparing the good 
put of a system using the CIA MAC 580 with that of a system 
having no CIA MAC. For the optimal threshold, the good-put 
of CIA MAC is greater than the good-put of a traditional 
MAC. The values of the ICR thresholds are calculated as a 
function of the SNR. 

[0061] The interference mitigation system 500 may employ 
alternate methods for triggering the CIA MAC 580. These 
include but are not limited to comparing good-put based on 
more than one strong interferer, using location-based infor 
mation or cooperation between subscriber stations 560 to 
determine severely interfered users, etc. Interference may 
further be avoided through implementation of fractional fre 
quency reuse, described earlier. 

[0062] FIG. 9 is a ?owchart of a method for providing 
resource management and interference mitigation in a relay 
based wireless network environment. In element 900, a serv 
ing base station 105 identi?es one or more relay stations, such 
as relay station 110, and one or more mobile stations or 
subscriber stations including a target node 220 in a coverage 
zone illustrated in FIG. 1 as cell 100. The identi?ed mobile 
stations are classi?ed as cooperative users or as non-coopera 
tive users in element 910. The serving base station 105 deter 
mines whether each relay station has cooperative user mobile 
stations in element 920. If the serving base station 105 does 
not have cooperative user mobile stations, the serving base 
station 105 instructs one or more relay stations to perform 
distributed scheduling for the non-cooperative user mobile 
stations (element 930). If the serving base station 105 does 
have cooperative user mobile stations, the serving base sta 
tion 105 informs the one or more relay stations of the coop 
erative user mobile stations and any non-cooperative user 
mobile stations (element 940). The serving base station 105 
then performs centralized transmission scheduling for the 
cooperative user mobile stations (element 950) and commu 
nicates transmission scheduling information to the one or 
more relay stations .and instructs one or more relay stations to 
perform distributed scheduling for the non-cooperative user 
mobile stations (element 960). The serving base station 105 
receives interference parametric data (element 970) and 
transmits the interference parametric data to the one or more 
relay stations and neighboring base stations (element 980). 
Serving base station and relay station transmissions with a 
target node 220 are randomized using probabilistic interfer 
ence mitigation medium access control in element 990. 

[0063] The above description of illustrated embodiments of 
the invention, including what is described in the Abstract, is 
not intended to be exhaustive or to limit the invention to the 
precise forms disclosed. Embodiments of the invention pro 
pose techniques for resource management and interference 
mitigation in relay-based cellular networks. The proposed 
algorithms and architectures enable resource management 
techniques such as hierarchical scheduling and advanced 
interference mitigation techniques such as fractional fre 
quency reuse (FFR) and probabilistic interference mitigation 
to work in conjunction with relay protocols (e. g., cooperative 
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relaying) and therefore allow realizing the performance 
advantages from all of these techniques simultaneously. 
[0064] While speci?c embodiments of, and examples for, 
the invention are described herein for illustrative purposes, 
various equivalent modi?cations are possible within the 
scope of the invention, as those skilled in the relevant art will 
recognize. In the description and claims, the terms “coupled” 
and “connected,” along with their derivatives, may have been 
used. It should be understood that these terms are not intended 
as synonyms for each other. Rather, in particular embodi 
ments, “connected” may be used to indicate that two or more 
elements are in direct physical or electrical contact with each 
other while “coupled” may further mean that two or more 
elements are not in direct contact with each other, but yet still 
co-operate or interact with each other. 
[0065] Reference throughout this speci?cation to “one 
embodiment” or “an embodiment” means that a particular 
feature, structure, or characteristic described in connection 
with the embodiment is included in at least one embodiment 
of the present invention. Thus, the appearances of the phrases 
“in one embodiment” or “in an embodiment” in various 
places throughout this speci?cation are not necessarily all 
referring to the same embodiment. Furthermore, the particu 
lar features, structures, or characteristics may be combined in 
any suitable manner in one or more embodiments. 

[0066] Thus, embodiments of this invention may be used as 
or to support a software program executed upon some form of 
processing core (such as a processor of a computer) or other 
wise implemented or realized upon or within a machine 
readable medium. A machine-readable medium includes any 
mechanism for storing information in a form readable by a 
machine (e. g., a computer). For example, a machine-readable 
medium can include such as a read only memory (ROM); a 
random access memory (RAM); a magnetic disk storage 
media; an optical storage media; and a ?ash memory device, 
etc. 

[0067] Modi?cations may be made to the invention in light 
of the above detailed description. The terms used in the fol 
lowing claims should not be construed to limit the invention 
to the speci?c embodiments disclosed in the speci?cation and 
the drawings. Rather, the scope of the invention is to be 
determined entirely by the following claims, which are to be 
construed in accordance with established doctrines of claim 
interpretation. 
What is claimed is: 
1. A relay node, comprising: 
a medium access controller con?gured to randomize trans 

missions from the relay node; and 
an antenna to receive a packet from a transmit node, 

wherein the transmit node is con?gured to schedule 
resources for a ?rst receive node and to transmit another 
packet over a ?rst link from the transmit node to the ?rst 
receive node using a ?rst time-frequency resource, and 
wherein the relay node is con?gured to schedule 
resources for a second receive node and to relay the 
packet from the transmit node over a second link from 
the relay node to the second receive node using a second 
time-frequency resource. 

2. The relay node of claim 1, wherein the ?rst link between 
the transmit node and the ?rst receive node operates in the 
same frequency band as the second link between the relay 
node and the second receive node. 

3. The relay node of claim 2, wherein the relay node is 
con?gured to receive scheduling information generated by 
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the transmit node, and wherein the relay node is further con 
?gured to multiplexe communications in the same frequency 
band. 

4. The relay node of claim 1, Wherein the ?rst link betWeen 
the transmit node and the ?rst receive node operates in a 
different frequency band from the second link betWeen the 
relay node and the second receive node. 

5. The relay node of claim 1, Wherein the second receive 
node is a mobile station. 

6. The relay node of claim 1, Wherein the transmit node is 
con?gured to schedule a ?rst set of time-frequency resources 
for a plurality of ?rst receive nodes and the relay node is 
con?gured to schedule a second set of time-frequency 
resources for a plurality of second receive nodes. 

7. The relay node of claim 1, Wherein the second receive 
node is con?gured to transmit channel quality indicator (CQI) 
information to the relay node. 

8. The relay node of claim 1, Wherein the second receive 
node is con?gured to receive a randomiZed transmission over 
the second link from the relay node. 

9. A method, comprising: 
receiving a packet by a relay node from a transmit node, 

Wherein the transmit node schedules resources for a ?rst 
receive node and transmits another packet over a ?rst 
link from the transmit node to the ?rst receive node using 
a ?rst time-frequency resource, and Wherein the relay 
node schedules resources for a second receive node and 
relays the packet from the transmit node over a second 
link from the relay node to the second receive node using 
a second time-frequency resource as determined by the 
relay node, and Wherein the ?rst link betWeen the trans 
mit node and the ?rst receive node is in a different 
frequency band from the second link betWeen the relay 
node and the second receive node. 

10. The method of claim 9, further comprising randomiZ 
ing transmissions over the second link by the relay node. 

11. The method of claim 9, Wherein the transmit node 
schedules a ?rst set of time-frequency resources for a plural 
ity of ?rst receive nodes and the relay node schedules a second 
set of time-frequency resources for a plurality of second 
receive nodes. 

12. The method of claim 9, Wherein the second receive 
node transmits channel quality indicator (CQI) information to 
the relay node. 

13. A method for mitigating interference in a Wireless 
communications netWork, the method comprising: 

identifying target nodes With a communications transmit 
node, Wherein a ?rst group of target nodes are con?g 
ured to communicate With the communications transmit 

node; 
identifying a relay node With the communications transmit 

node, the relay node con?gured to communicate With a 
second group of target nodes; 

classifying the target nodes into layers, Wherein a ?rst layer 
of target nodes is centrally scheduled and a second layer 
of target nodes are distributively scheduled; 

determining centraliZed schedule information for the ?rst 
layer of target nodes; 
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transmitting the centraliZed schedule information to the 
relay node, Wherein the relay node distributively sched 
ules communications for the second layer of target 
nodes based at least in-part on the centraliZed schedule 
information, and Wherein the relay node is con?gured to 
randomiZe a plurality of transmissions from the relay 
node. 

14. The method of claim 13, further comprising assigning 
a ?rst set of time-frequency resources to the ?rst layer of 
target nodes and Wherein the relay node assigns a second set 
of time-frequency resources to the second layer of target 
nodes. 

15. The method of claim 14, Wherein a number of target 
nodes in the ?rst group of target nodes and a number of target 
nodes in the second group of target nodes operate over the 
same frequency band. 

16. The method of claim 15, Wherein the transmissions to 
the number of target nodes in the ?rst group of target nodes 
and a number of target nodes in the second group of target 
nodes are multiplexed. 

17. A transmit node, comprising: 
a medium access controller con?gured to: 

identify target nodes in a Wireless netWork, Wherein a 
?rst group of the target nodes are con?gured to com 
municate With the communications transmit node; 

identify a relay node, Wherein the relay node is con?g 
ured to communicate With a second group of the target 
nodes; 

classify the target nodes into layers, Wherein a ?rst layer 
of the target nodes is centrally scheduled and a second 
layer of the target nodes are distributively scheduled; 

determine centraliZed schedule information for the ?rst 
layer of target nodes; 

assign a ?rst set of time-frequency resources to the ?rst 
layer of target nodes, and Wherein the relay node is 
con?gured to assign a second set of time-frequency 
resources to the second layer of target nodes; and 

an antenna to transmit the centrally scheduled information 
to the relay node, Wherein the relay node is con?gured to 
distributively schedule communications for the second 
layer of target nodes based at least in-part on the cen 
traliZed schedule information. 

18. The transmit node of claim 17, Wherein the relay node 
is further con?gured to randomiZe a plurality of transmissions 
to the second layer of target nodes. 

19. The transmit node of claim 17, Wherein a number of 
target nodes in the ?rst group of target nodes and a number of 
target nodes in the second group of target nodes are con?g 
ured to operate over the same frequency band. 

20. The transmit node of claim 17, Wherein a receive node 
in the second layer of target nodes is con?gured to transmit 
channel quality indicator (CQI) information to the relay node. 

* * * * * 


